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Abstract 
© 2020 ISIJ. Smoothness of thin metallic coated strip produced in continuous galvanizing lines is 
influenced by fluctuations of the impinging wiping pressure. In this paper, vortex dynamics e.g. vortex 
production frequency and mixing of jet opposing shear layer vortices; and impinging pressure were 
numerically studied by Large Eddy Simulation (LES). The effects of jet nozzle width, d, and operational 
parameters (nozzle to strip distance, H, and mean jet velocity, Uo) were investigated. Vortex production 
rate is almost linearly correlated to Uo and mixing of shear layer vortices occurs when H/d ≥ 6. Dominant 
frequencies of impinging pressure fluctuation are significantly different between the two possible 
phenomena of i) Mixing of opposing shear layer vortices prior to jet impingement on the strip, or ii) No 
mixing of opposing shear layer vortices prior to jet impingement. The impinging pressure of a jet 
characterised by mixing of vortices is predominantly composed of frequencies lower than 10 kHz with the 
most significant components at less than 1 kHz. In contrast, for a jet with non-mixing of vortices, the 
impinging pressure fluctuations are comprised of frequencies greater than 10 kHz and the dominant 
frequency is approximately one half the vortex production frequency. Utilising existing model results for 
the coating thickness response to pressure and shear stress fluctuations12) the anticipated degree of 
coating thickness sensitivity to the mixing and nonmixing impinging jet cases of the present work has 
been elucidated. It is shown that a mixed vortices jet is most likely to cause surface ripples in the coating. 
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1. Introduction
An impinging planar air jet or wiping jet is the most 
commonly used means to control the thickness of metallic 
coating on steel strip in modern continuous galvanizing lines 
(CGL). In a CGL, continuously moving steel strip is passed 
through a bath of molten metallic coating alloy. As the strip 
leaves the bath, liquid alloy is drawn by the strip forming 
a thin coating. A pair of opposing planar air jets then exert 
pressure on the coating and wipe excess material, reducing 
the coating thickness to the required level. Jet wiping is con-
sidered the least complex means because there is no physical 
contact between the coating and the jet nozzle.1) Moreover, 
it has proven to be an effective and easily regulated means 
for controlling coating thickness with low operational and 
maintenance cost.2) However, the jet wiping process is not 
without drawbacks and limitations. A notable drawback in 
regard to quality is the presence of ripples on the coating 
surface after the jet wiping takes place.
Impinging wall pressure and wall shear stress are known 
as jet features that control coating thickness,3–5) with the 
pressure gradient providing the majority of the wiping work. 
Vortex Dynamics and Fluctuations of Impinging Planar Jet
Le Quang PHAN,1) Andrew Dennis JOHNSTONE,1) Buyung KOSASIH1)* and Wayne RENSHAW2)
1) ARC Steel Research Hub for Australian Steel Manufacturing, School of Mechanical, Materials, Mechatronic and Biomedical 
Engineering, University of Wollongong, Northfields Avenue, NSW 2522, Australia.
2) Bluescope Steel Pty Ltd, Port Kembla, NSW 2505, Australia.
(Received on September 3, 2019; accepted on November 1, 2019; J-STAGE Advance published date: 
January 17, 2020)
Smoothness of thin metallic coated strip produced in continuous galvanizing lines is influenced by fluc-
tuations of the impinging wiping pressure. In this paper, vortex dynamics e.g. vortex production frequency 
and mixing of jet opposing shear layer vortices; and impinging pressure were numerically studied by Large 
Eddy Simulation (LES). The effects of jet nozzle width, d, and operational parameters (nozzle to strip dis-
tance, H, and mean jet velocity, Uo) were investigated. Vortex production rate is almost linearly correlated 
to Uo and mixing of shear layer vortices occurs when H/d ≥  6. Dominant frequencies of impinging pres-
sure fluctuation are significantly different between the two possible phenomena of i) Mixing of opposing 
shear layer vortices prior to jet impingement on the strip, or ii) No mixing of opposing shear layer vortices 
prior to jet impingement. The impinging pressure of a jet characterised by mixing of vortices is predomi-
nantly composed of frequencies lower than 10 kHz with the most significant components at less than 1 
kHz. In contrast, for a jet with non-mixing of vortices, the impinging pressure fluctuations are comprised 
of frequencies greater than 10 kHz and the dominant frequency is approximately one half the vortex pro-
duction frequency. Utilising existing model results for the coating thickness response to pressure and 
shear stress fluctuations12) the anticipated degree of coating thickness sensitivity to the mixing and non-
mixing impinging jet cases of the present work has been elucidated. It is shown that a mixed vortices jet 
is most likely to cause surface ripples in the coating.
KEY WORDS: continuous galvanizing line; impinging jet; impinging pressure fluctuation; jet wiping; metal-
lic coated strip; shear layer vortices; turbulent jet.
It is envisaged that fluctuation of this wall pressure and wall 
shear stress cause variation in coating thickness. Recent 
studies6–10) have shown the ripples on the coating surface are 
correlated to the fluctuating impinging pressure and shear 
stress which in turn is a consequence of the jet oscillation. 
Numerical studies of air-coating liquid interaction showed 
that jet oscillation is reflected on the final coating thick-
ness9,10) with the low frequency components of the impinge-
ment wall pressure fluctuation correlated to the waviness of 
the coating surface.11) Furthermore, an analytical coating 
model12,13) demonstrated the coating thickness variation is 
sensitive to the fluctuation frequencies of both the mag-
nitudes and positions of pressure and shear stress profiles. 
Using non-dimensional frequency parameter, dfjet/U, where 
fjet is the fluctuation frequency of the wall pressure and 
wall shear stress profile (either magnitude or position), it 
was shown that thickness variation is small (less than 1% 
of the average coating thickness) when dfjet/U >  1 and, in 
addition, the thickness variation increases as dfjet/U reduces 
with a peak at dfjet/U ~ 0.05 for both magnitude and position 
fluctuation, respectively.12,13)
A possible cause of jet oscillation is attributed to the 
dynamics of the jet shear layer vortices. Vortices are formed 
at the jet shear layers due to the large velocity gradient 
between the high-speed jet and the surrounding quiescent 
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air. They are dynamic structures containing energy over a 
range of frequencies. These vortices are convected down-
stream towards the strip with frequent occurrences of two 
vortices combining to form larger ones. In a free jet, vor-
tices are convected downstream and the vortices from two 
opposing shear layers eventually mix together. The velocity 
and pressure also fluctuate along the path of the convected 
vortices.14) Vortices formed on both sides of the jet are 
initially symmetrical in the potential core region.15) Beyond 
the potential core region, vortices become anti-symmetric 
leading to the flapping or oscillation of the jet position.16–18) 
Anti-symmetrical vortices supposedly initiate the fluctuation 
of free jets.
The presence of the strip can augment jet instability by 
an acoustic feedback loop mechanism. The feedback loop 
can be viewed as initiated at the jet nozzle, triggered by 
the vortices in the shear layers as the jet emerges from 
the nozzles. Acoustic waves are produced as the vortices 
impinge on the plate. These acoustic waves are reflected and 
travel back upstream at the speed of sound and exacerbate 
the shear layer instabilities. The feedback loop mechanism 
was first proposed by Powell19) and has been experimentally 
demonstrated.20–27)
Investigation of unsteady, fluctuating impinging jets has 
been a research interest within the CGL community aiming 
to improve the consistency of coating thickness in CGLs. 
Jet wiping has been theoretically studied for decades. By 
assuming a steady wiping jet with stationary time-averaged 
wall pressure and wall shear stress profiles, early 1D knife 
models3–5,28) successfully estimated the average coating 
thickness. However, it was not within the scope of such 
models to investigate the effects on the coating of unsteady 
wiping jet flow. To investigate the ripple formation, studies 
have focussed on one-way coupling or two-way coupling 
between the unsteady jet flow and the liquid coating layer. 
Fluctuating wall pressure and wall shear stress were either 
assumed6,13,29) or obtained from numerical investigation30–32) 
and applied in an air knife model. Two-way interaction 
between an unsteady jet and the coating layer has been 
studied using LES-VOF (Large Eddy Simulation combined 
with Volume of Fluid). However, such studies require high 
computational resources as the length scale changes sig-
nificantly from the order of millimetres at the nozzle to the 
order of micrometres at the interface between the coating 
layer and the air. Hence, the two-way coupling based studies 
were usually carried out with 2D LES-VOF.1,8,33–35) Using 
3D LES to obtain unsteady wall pressure and then applying 
it to the knife model and experiments, Yoon et al.30) pre-
dicted checkmark stain on the coating surface. It has also 
been found that the presence of the coating layer negligibly 
affects the jet flow.32,36) On this basis, it is concluded that a 
one-way coupling method which combines 3D LES imping-
ing jet and 1D knife model is a reasonable compromise 
method for the prediction of coating surface response with 
readily available computational resources.
The review clearly reveals that much about the dynamics 
of impinging planar jets still needs to be understood. Further 
attention to the link between the mechanisms of jet fluctua-
tion and the spatio-temporal characteristics of the pressure 
acting on the impingement surface is required. This study 
aims to address this gap and thereby enhance the under-
standing of impinging wiping jet dynamics, particularly with 
regard to the relationship between the vortex dynamics and 
the fluctuation of wall pressure. Firstly, the paper discusses 
formation of vortices and the dependency of shear layer vor-
tex formation on the jet geometrical and operational param-
eters. Secondly, the time-varying wall pressure profiles 
dependency on the aforementioned parameters is shown. 
Finally, contrasting the wall pressure spectra obtained from 
the present LES to the coating thickness sensitivity map of 
an existing coating response model12) the range of jet wiping 
parameter settings, i.e. d, H and Uo, where coating surface is 
most highly sensitive to jet fluctuations is predicted.
2. Numerical Methodology
2.1. Computational Fluid Dynamics Simulations Detail
Typically in a CGL, the reduction of coating thickness 
after wiping to the nozzle-strip distance ratio is around 0.1 
and the strip speed is much lower than the mean jet veloc-
ity,2,32) hence most studies consider an impinging jet on a 
moving metallic coated strip as a jet impinging on a station-
ary flat solid plate.35,37–39) Computational Fluid Dynamics 
(CFD) simulations describing the dynamics of an impinging 
jet on a flat stationary plate shown in Fig. 1(a), were carried 
out using Large Eddy Simulations (LES) with Smagorin-
sky subgrid-scale (SGS) turbulent model. The aim of the 
Fig. 1. a) schematic of different flow regions of a typical CGL 
impinging wiping jet, and b) computational domain used 
in CFD simulations. (Online version in color.)
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simulations was to obtain time-varying impinging pressure 
and time-varying velocity and pressure fields in the space 
between the jet nozzle and plate. LES was chosen because 
of its ability to capture formation, evolution and transport 
of vortical structures and turbulent eddies. Eddies having 
sizes larger than the filter width are resolved via Reynolds 
Averaged Navier-Stokes Equations whilst smaller eddies 
are modelled using a SGS scale. A explicit filter width, Δ = 
(Δ1Δ2Δ3)1/3, where Δi is the grid size in x, y, and z direction 
was employed in this study. LES resolves all eddies greater 
than the set minimum size. This study used ANSYS Fluent 
v.17 to execute LES.
To capture the 3-dimensionality of vortices, a 3-D compu-
tational domain (Fig. 1(b)) of appropriate size, Lx ×  Ly ×  Lz 
was used. In a similar work,40) a domain size of 40d ×  40d × 
2d was used as Ly >  40d was proven to be able to capture 
the vortices on opposite shear layers of planar jets.41) The 
span-wise dimension, Lz, has to be large enough to capture the 
largest turbulent structures in the span-wise direction (z-direc-
tion). Initially, Lz equal to 2d was considered adequate, being 
greater than the scale of the large vortices in the z-direction42) 
but an alternative span-wise domain size, Lz =  2πd for jets 
with moderate Reynolds number between 3 000–7 500 was 
suggested.41,43) In this paper, simulations were carried out 
with domain sizes Lx ×  Ly ×  Lz =  30d ×  60d ×  2πd.
The grid size for LES must be fine and is generally Re 
dependent. To determine the appropriate size of the finite 
volume cells, initially a steady state RANS (Reynolds-
Average Navier-Stokes simulation) employing with the 
Realizable k-ε model was run with a fine mesh (Fig. 2(a)). 
From this simulation the local integral length scales of the 
large-scale vortices, λlocal =  k3/2/ε, was estimated. Here k is 
the specific turbulence kinetic energy and ε is the dissipa-
tion rate of turbulence energy. In order to resolve 80–90% 
of the turbulent kinetic energy, there should be 5–12 cells 
across the integral length-scale. Following this step, the 
initial mesh was refined at some critical locations particu-
larly where the local mesh elements are larger than λlocal/5 
as shown in Fig. 2(b) for the CFD simulations with LES.
Near the plate, the turbulence length-scale is substantially 
smaller than those in the free-boundary flow domain. Hence, 
the cell sizes need to be fine i.e. of the same order as in 
Direct Numerical Simulation (DNS), so that eddies in the 
near-plate region can be resolved by LES.44) This is chal-
lenging and would limit the LES application to problems 
with wall-bounded flows at low Reynolds numbers only. 
To overcome the limitation, the laminar sub-layer of the 
boundary layer was modelled by the Werner-Wengle Wall 
Function in ANSYS Fluent v.17.
The simulation boundary conditions, integration schemes, 
and time step were chosen carefully. The span-wise bound-
aries were set as periodic boundaries following previous 
LES studies of impinging planar jets.19,40–42,45) The jet inlet 
was set at 5d before the nozzle to ensure the jet flow reaches 
a fully developed profile at the jet nozzle. Turbulence was 
specified at the inlet with turbulent length scale commen-
surate with the nozzle width and turbulent intensity of 5%. 
Outlet boundaries were set at 1 atm ambient pressure. Ideal 
gas properties were used in all simulations. The time-step 
size, Δt was 10 −6 s. Spatial derivatives were calculated 
using a second-order upwind discretization scheme except 
for momentum which was computed by a bounded central-
differencing scheme. A second-order implicit scheme was 
used for solving temporal derivatives.
2.2. Validation of the Numerical Approach
The numerical modelling approach was validated46) by 
comparing the computed impinging jet wall pressure profile 
with experimentally measured profiles.47) To enable com-
parison, the computed time-varying pressures were aver-
aged over 100 flow-periods, T where T =  H/Uo. Excellent 
pressure profile agreement was obtained as shown in Fig. 
3(a) for the case of H/d =  4 and Re =  11 300. In addition 
to the pressure profile, validation was also done by compar-
ing time-averaged stagnation pressures, Ps for H/d between 
1–20 with published experimental data47) as shown in Fig. 
3(b). Again, a strong match was observed. Both numeri-
cal and experimental profiles predicted similar (H/d)crit ~ 
4.5–5.0. For H/d <  (H/d)crit, the potential core impinges on 
the plate with Ps remaining equal to 
1
2
2ρUo . It will be shown 
later that this is related to the non-mixed shear layer vorti-
ces. When H/d is larger, the stagnation pressure decreases. It 
will be shown later this is likely related to the mixing of the 
shear layer vortices. For H/d >  (H/d)crit, the time-averaged 
stagnation pressure at the plate can be described by Eq. (1) 
where the coefficient cs is ~6.547) at Re =  3 000–11 000.
Fig. 2. a) an initial mesh used in the steady-state RANS simula-
tion, and b) the refined mesh based on estimated integral 
length scales from the steady state RANS simulation. The 
refined mesh was used in the Large Eddy Simulations. 
(Online version in color.)





















3. Results and Discussions
To understand the effect of jet geometrical and opera-
tional parameters on the shear layer vortex production, 
and the correlation of vortex dynamics and wall pressure, 
simulations were carried out over ranges of jet nozzle width, 
d, nozzle-plate distance, H, and supply pressure, Po, typi-
cally used in industry. Table 1 summarises all simulation 
scenarios.
3.1. Vortex Structures Formation, Evolution and Con-
vection
Due to the large velocity difference between the jet and 
the quiescent air, vortices are formed almost instantaneously 
as the air flow exits the nozzle. Vortices then evolve and 
are convected along two shear layers on either side of the 
jet. Using normalized Q-criterion Fig. 4 shows a typical jet 
flow field – in this example case for the generalised condi-
tion H/d ≥  5 (i.e. mixing of opposing shear layers prior to 
impingement) - illustrating vortex formation, evolution and 
convection. It can be seen that planar jet vortices remain 
2-dimensional i.e. homogeneous in the span-wise, z direc-
tion up to ~ 4.5d from the nozzle. Small-scale vortices are 
shown formed from the nozzle, referred to hereafter as 
embryonic vortices. Following their formation at the nozzle, 
they detach as a pair and are convected downstream. When 
H/d is of sufficient size the convected vortices mix with 
vortices from the opposite shear layers prior to reaching 
the impingement location. This results in a turbulent region 
with eddies of various sizes where vortices are no longer 
predominantly 2-dimensional.
3.2. Estimation of Vortex Production Frequency
Vortex production frequency or rate is one of the dynamic 
features of the jet, hypothesised herein as having an influ-
ence on the frequencies of the impinging pressure fluctua-
tions. The rolling up of the embryonic vortex starts at the 
jet nozzle. In the present work vortex production rate is 
defined as the rate at which the detachment of the embryonic 
vortices from the jet nozzle occurs.
It is possible to estimate the vortex production rate by 
monitoring the time-varying pressure in the shear layer 
either side of the jet at a point close to the jet nozzle. When a 
Table 1. Test case configurations of the present study.
Case d(mm) H(mm) Po(kPa) H/d Uo (m/s) Re fp(kHz)
1 1.1 5.0 7.0 4.5 106 7 880 28.65
2 1.1 5.0 8.4 4.5 117 8 700 30.37
3 1.1 6.6 7.0 6.0 106 7 880 35.98
4 1.1 6.6 8.4 6.0 117 8 700 39.97
5 1.1 10.0 1.8 9.1 55 4 090 13.50
6 1.1 10.0 7.0 9.1 106 7 880 28.65
7 1.1 10.0 8.4 9.1 117 8 700 31.31
8 1.1 10.0 13.8 9.1 146 10 850 48.45
9 1.1 16.0 7.0 14.5 106 7 880 32.64
10 1.1 16.0 8.4 14.5 117 8 700 35.98
11 2.2 6.6 7.0 3.0 106 15 760 32.64
12 2.2 10.0 1.8 4.5 55 8 180 13.99
13 2.2 10.0 7.0 4.5 106 15 760 33.31
14 2.2 10.0 7.7 4.5 112 16 650 35.60
15 2.2 16.0 1.8 7.3 55 8 180 15.46
16 2.2 16.0 3.2 7.3 72 10 700 22.04
17 2.2 16.0 7.0 7.3 106 15 760 32.64
18 3.3 6.6 7.0 2.0 106 23 640 33.31
19 3.3 6.6 8.4 2.0 117 26 090 36.48
20 3.3 10.0 7.0 3.0 106 23 640 29.31
21 3.3 10.0 8.4 3.0 117 26 090 30.98
22 3.3 16.0 0.8 4.8 36 8 030 7.10
23 3.3 16.0 1.8 4.8 55 12 260 14.65
24 3.3 16.0 3.2 4.8 72 16 050 20.65
25 3.3 16.0 7.0 4.8 106 23 640 32.64
26 3.3 16.0 8.4 4.8 117 26 090 35.98

























 where po is the total pressure, p the static 
pressure, c the speed of sound, and γ the ratio of specific heats.
Fig. 3. Comparison of LES calculated wall pressure with experi-
mental data after Tu & Wood:47) a) time-averaged wall 
pressure profile, and b) time-averaged stagnation pressure, 
Ps dependence on H/d. δ0.5 is the profile width correspond-
ing to the point where pressure is half the maximum pres-
sure. (Online version in color.)
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vortex centre crosses the monitoring point, a dip in pressure 
is detected. The pressure monitoring point was set at 0.5d 
from the jet centreline labelled as P′1 in Fig. 5(a). The time-
varying pressure shows an oscillating pressure time trace. 
Each dip signals an event of vortex core passing. Dips tend 
to appear as pairs corresponding to two embryonic vortices. 
The first larger dip corresponds to the primary vortex cross-
ing and the second corresponds to the following smaller vor-
tex as shown in Fig. 5(b). Fast Fourier Transform (FFT) was 
applied to the pressure traces to determine vortex-passing 
frequencies at a monitoring point as shown in Fig. 6.
Figure 6 shows fp and fp’, where fp’ ~ 2fp of the pressure 
measured at point P′1 for Case 22 and Case 25 (see Table 
1). The dominant frequency, fp, depicts the cycle between 
two vortex pairs and is considered as the production rate of 
the embryonic vortex pairs, whereas the two-fold frequency, 
fp’ ~ 2fp, indicates the cycle between nascent vortices, i.e. 
the cycle from the first to the second embryonic vortex of 
the same pair or, the cycle from the second vortex of this 
pair to the first vortex of the next pair.
Figure 6 reveals that the vortex production rate is rela-
tively high. For instance, for d =  3.3 mm, H =  10 mm, 
and Uo =  36 m/s, there are approximately 7 100 pairs of 
vortices counted passing through P′1 every second, i.e. the 
vortex production rate for this case is 7.1 kHz. With the 
same configuration at higher jet velocity, Uo =  106 m/s, 
the vortex production rate is 32.64 kHz. This suggests a 
correlation of mean jet velocity with vortex production rate. 
Figure 7 depicts the dependency of fp to Uo. Data used in 
Fig. 7 were obtained from three different jet widths of 1.1, 
2.2, and 3.3 mm, and nozzle-strip distance ranging from 
5–16 mm (see Table 1). Using multiple power regression,48) 
the relationship between the jet operating parameters and 
vortex production rate fp =  f(Uo, d, H) was obtained. The 
mean jet velocity, Uo, is established as the only statistically 
significant parameter governing the vortex pair production 
frequency across the range of configuration tested of the 
present study (see Table 1) and can be given as
 f Up o= 80 2 1 28. .  .............................. (2)
It has been experimetally49–51) proven that the presence 
of the plate does not affect the nature of the free jet region 
Fig. 4. Vortices formation, evolution, and convection for case 6 
(H/d =  9.1, Re =  7 880) shown by normalized Q-criterion 












 , where Ω is the 
absolute value of vorticity, S the absolute value of strain 
rate). a) z - view, b) isometric view. (Online version in color.)
Fig. 5. a) illustration of vortices using z-vorticity contours. 
Embryonic vortex pairs detaching from the jet nozzle fol-
lowed by amalgamation forming larger vortices, and b) 
pressure at monitoring point P′1. Pressure dips correspond 
to vortex crossings. There are two crossing events corre-
sponding to the crossing of the first vortex core and the 
secondary vortex core of the embryonic vortex pair. The 
inversion of crossing period,1/Tp is considered as the vor-
tex production rate, fp. (Online version in color.)
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providing that H/d >  ~1. Hence, within the investigated 
range of H/d of this study, it’s argued that only d and Uo 
can influence the vortex production rate.
Equation (2) is comparable with the measurement of the 
shear layer instability carried out by Sato.52) Sato found 
that the fluctuation frequency of velocity in the shear layer 
depends on the thickness of the shear layer rather than the 
nozzle width and the fluctuation frequency is approximately 
proportional to the 3/2 power of the averaged jet velocity. 
This is in reasonable agreement with the velocity exponent 
in Eq. (2).
Physically, the dominant effect of Uo on the rate of vortex 
production is expected as vortices are initially formed due to 
the strong shear created between the high-speed jet flow and 
the surrounding air. The faster the jet, the greater the momen-
tum difference at the shear layers promoting detachment of 
the embryonic vortex hence the higher production rate.
3.3. Fluctuating Impingement Pressure
To illustrate the effect of jet geometrical and operational 
parameters on the time-varying wall impingement pressure, 
four instantaneous pressure profiles within a jet flow period, 
T =  H/Uo are shown in Fig. 8. Note that the time-averaged 
profiles of the wall pressures agree well with the time-
averaged wall pressures measured by Tu & Wood.47) The 
profiles in Fig. 8 were taken after 100 flow-periods from 
the time each simulation started. For H/d =  3.0 and 4.8, 
the wall pressure profiles exhibit little change, remaining 
closely Gaussian in distribution throughout the period T; a 
feature throughout these profiles however is high frequency 
oscillations of relatively small amplitude (small in scale 
relative to local pressure at a given point). Conversely, the 
profiles for H/d =  6.0 and 9.1 exhibit significant changes in 
both magnitude and distribution with time. It is thought that 
the fluctuations calculated for greater H/d values are due to 
fully turbulent impingement of mixed shear layer vortices.
In Fig. 9, the time-series peak wall pressure (indicated by 
the dots in Fig. 8) and the time-series wall pressure obtained 
at y/d = 0, and their corresponding FFT spectra are presented. 
The non-mixing jet case shows no distinguishable differ-
ence between the peak wall pressure and the wall pressure 
at the centreline, i.e. y/d = 0 (see Fig. 9(a)). Apparently, the 
discrepancy becomes larger for the case of mixing jet (see 
Fig. 9(b)). However for both cases, the frequency spectra of 
the wall pressure fluctuations at y/d = 0 are similar to that 
of the peak wall pressure but with smaller amplitudes. Since 
Fig. 6. a) FFT of pressure data at monitoring point P′1. fpa and fpb 
indicate the vortex production rates of Cases 22 and 25, 
respectively. (Online version in color.)
Fig. 7. The relation of vortex production rate fp, with the mean jet 
velocity, Uo. Model curve is Eq. (2). (Online version in color.)
Fig. 8. Instantaneous wall pressure profiles at different times 
within a jet time period, T =  H/Uo. a) At low H/d =  3.0 and 
4.8, the wall pressure maintains a nearly consistent profile at 
all time, and b) at high H/d =  6 and 9.1, the wall pressure 
profiles change from time to time within the flow period, T. 
(Online version in color.)
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Fig. 10. Spectra of the peak wall pressure fluctuation at different H/d. a) H/d =  3.0, b) H/d =  4.8, c) H/d =  6.0, and d) 
H/d =  9.1 (typical setup in CGLs). (Online version in color.)
the peak wall pressure plays essential role in the wiping pro-
cess, its values were monitored and analysed further. These 
values were acquired at every time-step and their spectra 
are plotted in Fig. 10. Several high frequency components 
are found to dominate over the frequency range and largely 
contain the energy of the fluctuating pressure for H/d = 3.0 
and 4.8. It is interesting to note that these high frequencies 
are of values approximately half the vortex production rate, 
Fig. 9. Time-series peak wall pressure and wall pressure at y/d = 0 and their corresponding spectrum. a) non-mixing 
jet – case 11 – H/d = 3.0 – Re = 15 760, b) mixing jet – case 6 – H/d = 9.1 – Re = 7 880. (Online version in color.)
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fp. This suggests a link between the vortex production and 
impingement wall fluctuation. For H/d = 6.0 and 9.1, most 
energy is somewhat evenly distributed across a wide range 
of low frequency components. As will be discussed, this is 
significant in regards to coating surface smoothness.
The behaviours of wall pressure profile and the associated 
peak pressure fluctuation can be explained by the interaction 
of vortices from the two shear layers of the jet flow. With 
H/d =  3.0 and 4.8, the jet impinges on the plate without the 
occurrence of mixing of opposing shear layer vortices prior 
to impingement. Vortices from one side of the jet flow are 
well separated from those from the other side as depicted 
in Figs. 11(a) and 11(b). The vortex sheets are still homog-
enous in the span-wise direction when penetrating into the 
impinging region. The sustained uni-directional vortices 
between the jet nozzle and the plate is because the free jet 
region is shorter than the potential core length. The free jet 
region occupies 75% of the impinging distance from the 
jet25,26) and the potential core of free jet is approximately 
4–5d53–56) from the jet nozzle. The vortices enter the imping-
ing region and change their paths before they have a chance 
to collide with the vortices from the opposite shear layer. 
Under the non-mixed vortices scenarios, the wall pressure 
appears to be stable in both magnitude and distribution 
because of high fluctuating frequencies and small ampli-
tudes. Also for H/d =  3.0 and 4.8, after the first amalgama-
tion of the embryonic vortex pairs, second amalgamations 
often occur in the impinging region (see Fig. 5(a) for illus-
tration). Note that the wall pressure fluctuates when there is 
a vortex impinges on the plate. If more amalgamations of 
vortices occurs before the impingement, the plate will see 
fewer pressure fluctuations in the same period of time. For 
this reason, the peak wall pressure dominant frequencies 
are approximately half of the production frequencies for the 
H/d <  ~4.8 cases as in addition to the early amalgamation 
of the embryonic vortex pair, another vortex amalgamation 
was observed to frequently occur prior to impingement. On 
the other hand, at larger H/d (=  6.0 and 9.1) the jet impinges 
with mixed-vortices where the mixing of vortices already 
starts from approximately the end of the potential core. The 
mixed-vortices break into smaller structures and eddies with 
multi-direction scales. With mixed-vortices, the jet impinges 
on the plate with fluctuating wall pressure profiles whose 
spectra depict small scale structures and eddies.
3.4. Coating Surface Response to Wall Pressure Fluc-
tuation
To predict jet wiping conditions where the coating thick-
ness is expected to be sensitive to jet fluctuations, the 
fluctuations of wall pressures in the previous section were 
considered in the context of the findings of a coating surface 
model.12) One of the findings of the coating surface model is 
that the variation of coating thickness is significantly small 
(≤ 1%) compared to the average coating thickness when 
Fig. 11. Instantaneous vortex cores of different H/d cases shown by normalized Q-criterion isosurfaces, Q = 0 1. . No 
mixing of vortices from two shear layers at H/d =  3.0 and 4.8, and mixings occur in the region beyond the 
potential core region to the plate at higher H/d =  6.0 and 9.1. a) Case 20 – H/d =  3.0, b) Case 1 – H/d =  4.8, c) 
Case 3 – H/d =  6.0, and d) Case 6 – H/d =  9.1. (Online version in color.)
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dfjet/U > 1.12) Within the coating model, the magnitude of the 
wall pressure oscillation was modelled as sinusoidal with a 
single dominant frequency, fjet. Because in the context of the 
present study the wall pressure is shown to consist of a wide 
range of frequency components, the parameter fjet can be con-
sidered as any of the frequencies exhibited by the wall pres-
sure fluctuation spectra, especially the dominant frequencies 
fp/2 in case of non-mixed vortices impinging jets. Applying 
this to the present work with strip speed U = 2 m/s (a typical 
strip speed in CGL) the frequency axis of the spectra of the 
LES peak wall pressure fluctuations was expressed as dimen-
sionless frequency, df/U (see Fig. 12). There are two regions 
separated by the dash line corresponding to df/U = 1. The 
region in which the coating surface is predicted to be of good 
quality (only small amplitude rippling) is df/U > 1 which 
means all dominant frequencies of wall pressures fluctuation 
must fall in the region to the right of the dashed line, i.e. in the 
high frequency region. As shown in Fig. 12, the cases with 
H/d ≤ 4.8 well satisfy this condition. In contrast, Fig. 12 also 
shows that at H/d ≥ 6.0 lower frequency components emerge 
in the wall pressure fluctuation spectra where conditions of 
df/U < 1 arise. This indicates that H/d ≥ 6.0 is a non-ideal 
condition for CGL operations if the objective is to minimise 
the non-uniformity of the coating thickness produced by the 
jet wiping process; under this condition impingement pressure 
fluctuations are present at frequencies to which the coating 
thickness has been identified to be sensitive.12,13)
The presentation of Fig. 12 together with Eq. (2) is a 
key finding with regards to choosing optimal designs and 
operational conditions for the air knives in a CGL. The chain 
relationship among vortex dynamics, time-varying imping-
ing wall pressure and coating surface response is illustrated 
in Fig. 13. Operating wiping jet at H/d where it impinges 
on the strip with non-mixed vortices is expected to result in 
smoother coating surface. The correlation between the mean 
jet velocity and vortex production rate (Eq. (2)) also warrants 
attention. As the mean jet velocity largely governs the vortex 
production rate, which has been shown to play a significant 
role in the dominant frequencies of the pressure fluctuation 
at the wall, the jet velocity should not be reduced below a 
Fig. 12. Dimensionless spectra, df/U (where U =  2 m/s), of wall pressure fluctuation at different H/d ratios. Near-
smooth coating surface is predicted if dominant frequencies fall in the right-hand-side region of the dashed 
line, the shaded region. (Online version in color.)
point at which the result is operation in the region df/U <  1.
4. Conclusions
The dynamics of vortices and their effects on the wall 
pressure profile fluctuation of impinging planar air jets 
(typically used in continuous hot-dip galvanizing lines) 
have been elucidated. The study extends the knowledge and 
understanding concerning the vortex generation frequency 
and mixing of vortical structures from the two shear layers 
of impinging planar jets and their roles in the impingement 
wall pressure fluctuation. It is found that vortex produc-
tion frequency is related to jet velocity. Jets operated at 
H/d ≤ ~4.8 are found to impinge without mixing of the 
opposing shear layer vortices (Fig. 13 left figure). The 
dominant frequencies of impingement pressure fluctuation 
are significantly different between whether the jet impinges 
on the strip with interaction and, subsequently, mixing of 
opposing shear layer vortices or not. Jet impinging with 
Fig. 13. Schematic diagram of the influence of mixing and non-
mixing impinging jets on the time-varying wall pressure, 
and subsequently on the coating surface response. Not to 
scale. (Online version in color.)
ISIJ International, Vol. 60 (2020), No. 5
© 2020 ISIJ1039
non-mixed vortices result in impingement pressure fluc-
tuations at high frequencies with dominant frequencies 
approximately half that of the vortex production rate fre-
quencies, typically over 10 kHz. On the other hand, a jet 
operated at higher H/d impinges with mixing of opposing 
shear layer vortices occurring prior to impingement (Fig. 
13 right figure) and consequently results in wall pressure 
fluctuation with frequencies ranging from several hertz to 
tens of kilohertz. The low frequency components of wall 
pressure fluctuation present for impinging jets operating at 
H/d >  4.8 are problematic from the perspective of achieving 
smooth coatings on continuous galvanising lines.
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Nomenclature
 d: jet nozzle width (m)
 fp: production frequency (rate) of embryonic vortex 
pair (Hz)
 H: nozzle to strip distance (m)
 k: specific turbulence kinetic energy (m2/s2)
 Li: computational domain length in i-direction (m)
 P: pressure at wall (Pa)
 Pm: pressure at monitoring points (Pa)
 Po: jet supply pressure (Pa)
 Ps: time-averaged stagnation pressure (Pa)
 Re: Reynolds number, Re =  ρUod/μ (–)
 T: flow period, T =  H/Uo (s)
 U: strip speed (m/s)
 Uo: mean jet velocity (m/s)
Greek letters
 Δ: filter size (m)
 Δi: grid size in i-direction (m)
 ε: dissipation rate of turbulence kinetic energy (m2/s3)
 λlocal: integral length scale of local vortices estimated by 
RANS (m)
 μ: air dynamic viscosity, 1.7894e −5 (kg/(m.s))
 ρ: air density (kg/m3)
REFERENCES
1) K. Myrillas, A. Gosset, P. Rambaud and J. M. Buchlin: Eur. Phys. J. 
Spec. Top., 166 (2009), 93.
2) F. Goodwin and M. Dubois: Proc. Iron & Steel Technology Conf. and 
Exposition (AISTech 2012), AIST, Warrendale, PA, (2012), 1847.
3) C. H. Ellen and C. V. Tu: J. Fluids Eng., 106 (1984), 399.
4) P. Naphade, A. Mukhopadhyay and S. Chakrabarti: ISIJ Int., 45 
(2005), 209.
5) E. A. Elsaadawy, G. S. Hanumanth, A. K. S. Balthazaar, J. R. 
McDermid, A. N. Hrymak and J. F. Forbes: Metall. Mater. Trans. B, 
38 (2007), 413.
6) G. C. Hocking, W. L. Sweatman, A. D. Fitt and C. Breward: J. Eng. 
Math., 70 (2011), 297.
7) H. So, H. G. Yoon and M. K. Chung: ISIJ Int., 51 (2011), 115.
8) K. Myrillas, P. Rambaud, J. M. Mataigne, P. Gardin, S. Vincent and 
J. M. Buchlin: Chem. Eng. Process., 68 (2013), 26.
9) M. A. Mendez, K. Myrillas, A. Gosset and J. M. Buchlin: European 
Coating Symp. 2015, Holst Centre/TNO, Eindhoven University of 
Technology, Eindhoven, (2015), 22.
10) M. A. Mendez, A. Gosset, K. Myrillas and J. M. Buchlin: European 
Coating Symp. 2017, iPrint Institute (University of Applied Sciences 
and Arts of Western Switzerland), Fribourg / Schweizer Coating 
Consulting, Wuennewil, (2017), CD-ROM.
11) C. Pfeiler, W. Eßl, G. Reiss, C. K. Riener, G. Angeli and A. 
Kharicha: Steel Res. Int., 88 (2017), 1600507.
12) A. D. Johnstone, B. Kosasih, L. Q. Phan, A. Dixon and W. Renshaw: 
Proc. 11th Int. Conf. on Zinc and Zinc Alloy Coated Steel Sheet 
(Galvatech 2017), ISIJ, Tokyo, (2017), CD-ROM.
13) A. D. Johnstone, B. Kosasih, L. Q. Phan, A. Dixon and W. Renshaw: 
ISIJ Int., 59 (2019), 319.
14) M. M. Ribeiro and J. H. Whitelaw: Proc. R. Soc. A: Math. Phys. Eng. 
Sci., 370 (1980), 281.
15) F. O. Thomas and V. W. Goldschmidt: J. Fluid Mech., 163 (1986), 227.
16) V. W. Goldschmidt and P. Bradshaw: Phys. Fluids, 16 (1973), 354.
17) J. Cervantes de Gortari and V. W. Goldschmidt: J. Fluids Eng., 103 
(1981), 119.
18) O. V. Atassi and R. M. Lueptow: Eur. J. Mech. B-Fluids, 21 (2002), 171.
19) A. Powell: Proc. Phys. Soc. Sect. B, 66 (1953), 1039.
20) F. R. Wagner: NASA TT F-13942, Technical Report, NASA Office of 
Scientific and Technical Information, Washington, D.C., (1971), 30.
21) G. Neuwerth: NASA TT F-15719, Technical Report, NASA Office of 
Scientific and Technical Information, Washington, D.C., (1974), 719.
22) C. M. Ho and N. S. Nosseir: J. Fluid Mech., 105 (1981), 119.
23) C. K. W. Tam and K. K. Ahuja: J. Fluid Mech., 214 (1990), 67.
24) R. Mankbadi, S. C. Lo, A. Lyrintzis, V. Golubev, Y. Dewan and K. 
Kurbatskii: Int. J. Aeroacoust., 15 (2016), 535.
25) D. Arthurs and S. Ziada: Exp. Fluids, 55 (2014), 1723.
26) E. Gutmark, M. Wolfshtein and I. Wygnanski: J. Fluid Mech., 88 
(1978), 737.
27) A. Krothapalli, E. Rajkuperan, F. Alvi and L. Lourenco: J. Fluid 
Mech., 392 (1999), 155.
28) J. A. Thornton and H. F. Graff: Metall. Trans. B, 7 (1976), 607.
29) E. O. Tuck: Phys. Fluids, 26 (1983), 2352.
30) H. G. Yoon, G. J. Ahn, S. J. Kim and M. K. Chung: ISIJ Int., 49 
(2009), 1755.
31) H. So, H. G. Yoon and M. K. Chung: J. Mech. Sci. Technol., 25 
(2011), 721.
32) K. Yu, F. Ilinca and F. Goodwin: Iron & Steel Technology Conf. and 
Exposition (AISTech2019), AIST, Warrendale, PA, (2019), 1781.
33) A. Gosset, D. Lacanette, S. Vincent, E. Arquis, J. M. Buchlin and 
P. Gardin: LES – VOF simulation of gas-jet wiping: confrontation 




34) C. Pfeiler, M. Mataln, A. Kharicha, C. K. Riener and G. Angeli: Proc. 
10th Int. Conf. on Zinc and Zinc Alloy Coated Steel Sheet (Galvatech 
2015), AIST, Warrendale, PA, (2015), 682.
35) D. Lacanette, A. Gosset, S. Vincent, J. M. Buchlin and É. Arquis: 
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